Abstract: Laboratory experiments in geomorphology is the theme of the 46th annual Binghamton Geomorphology Symposium (BGS). While geomorphic research historically has been dominated by field-based endeavors, laboratory experimentation has emerged as an important methodological approach to study these phenomena, employed primarily to address issues related to scale and the analytical treatment of the geomorphic processes. It is contended here that geomorphic laboratory experiments have resulted in transformative research. Several examples drawn from the fluvial and aeolian research communities are offered as testament to this belief, and these select transformative endeavors often share very similar attributes. The 46th BGS will focus on eight broad themes within laboratory experimentation, and a strong and diverse group of scientists have been assembled to speak authoritatively on these topics, featuring several high-profile projects worldwide. This special issue of the journal Geomorphology represents a collection of the papers written in support of this symposium. Laboratory experiments in geomorphology is the theme of the 46 th annual Binghamton Geomorphology 9 Symposium (BGS). While geomorphic research historically has been dominated by field-based 10 endeavors, laboratory experimentation has emerged as an important methodological approach to study 11 these phenomena, employed primarily to address issues related to scale and the analytical treatment of 12 the geomorphic processes. It is contended here that geomorphic laboratory experiments have resulted 13 in transformative research. Several examples drawn from the fluvial and aeolian research communities 14 are offered as testament to this belief, and these select transformative endeavors often share very 15 similar attributes. The 46 th BGS will focus on eight broad themes within laboratory experimentation, 16 and a strong and diverse group of scientists have been assembled to speak authoritatively on these 17 topics, featuring several high-profile projects worldwide. This special issue of the journal 18
Introduction 21
The study of geomorphic systems-the analysis of the processes that shape the Earth's surface and their 22 associated landforms-has been dominated by field research endeavors. This field tradition of 23 geomorphic research can be traced back to the world's early explorers, which provided the impetus for 24 physiographic mapping and the necessary context to consider landscape origin and evolution (Church, 25 2013). The focus on field geomorphic research also is logical because geomorphologists can conduct 26 research activities at the exact locations where processes operate and landforms are created (McKenna 27 Neuman et al., 2013). Both Butler (2013) and Harden (2013) 
recognize the invaluable insight and 28
Manuscript Click here to view linked References broader context gained by field experiences, which potentially can lead to epiphanies in the 29 understanding of geomorphic systems as well as serendipitous and salutary observations and 30 discoveries simply by being in the right place at the right time. 31 32 Yet field research is not the only methodological approach available to the geomorphic research 33 community. A second approach is numerical modeling. Here, modeling is broadly defined to include 34 empirical and statistical approaches to quantify geomorphic phenomena, analytical approaches to 35 define or extend governing equations, and numerical models of varying complexity to simulate 36 geomorphic systems. At present, there is a wide array of geomorphic models available in the literature, 37 some of which are summarized in Wilcock and Iverson (2003) and Pelletier (2008) . A third 38 methodological approach available to the geomorphic research community is physical modeling and the 39 use of laboratory experimental facilities. Here, physical modeling is broadly defined to include scaled 40 models based on similarity principles, analogue models based on similarity in form and/or composition, 41 and single-purpose facilities designed to explore a specific geomorphic phenomenon. Experimental 42 investigation has been part of geomorphology for many decades although there are few treatises or 43 seminal papers reporting on the design and use of laboratory experiments and facilities in 44 geomorphology. Some representative examples include Hjulström and Sundborg (1962) There are several advantages afforded the geomorphic laboratory experimentalist, but the motivations 77 to employ such facilities, and to invest so heavily into methods, procedures, and infrastructure, can be 78 reduced to two issues: scale and prediction. The temporal and spatial scales over which geomorphic 79 processes operate often are very large. In general, spatial scales for geomorphic systems can span from 80
10
-8 to 10 7 km 2 , and the time scales of persistence can span from 10 2 to 10 9 yr (Bloom, 1998) . Although 81 technological advances and numerical models have facilitated the study of such systems in the field 82 (Church, 2013) , these large time and space scales potentially could pose insurmountable challenges to 83 the geomorphologist. Consequently, geomorphologists have employed experimental facilities and 84 physical analogues to compress time and shrink scale, while exerting experimental control, to examine 85 the dynamics of these systems. In general, laboratory experiments have spatial scales that range from 86 analysis. It is often difficult to describe in analytic terms the equations governing geomorphic processes 109 due to the large number of degrees of freedom that can occur in natural settings. This is particularly 110 challenging in field-based research where temporal and spatial scales are large or where the processes 111 themselves may not be observed or measured directly. It is this quest to define these fundamental 112 relationships and their governing equations that drives the geomorphologist into the laboratory. 113
Through controlled experimentation, functional relationships and robust theory for geomorphic 114 phenomena emerge, so that these analytic arguments then can be tested against both experimental and 115 field data and further refined (see also Schumm et al., 1987; Paola et al., 2009 (Dickinson et al., 1967) . A specific 158 research focus was the creation of an experimental research facility to examine watershed response to 159 rainfall. The primary objective for this facility was quite modest: it should be large enough to respond as 160 a prototype watershed, but small enough to permit controlled variation of watershed and rainfall 161 characteristics. The outdoor facility built was a rectangular box 9.1 m wide, 15.2 m long, and 1.8 m 162 deep, and it was fitted with upward-directed vertical sprinklers that could simulate rainfall at up to four 163 intensities. 164 165 Shortly after its construction, Parker (1977) used this facility to examine the evolution of drainage basins 166 and the growth and development of rill networks. To do this, he filled the basin with a sandy loam 167 sediment mixture, fashioned the topography into an initially flat, gently sloping surface, and then 168 subjected the system to continuous rainfall and episodic baselevel lowering. Although Parker (1977) 169 reported on only two experiments, these results were very enlightening. Parker documented the time-170 and space-evolution of rill networks forced by rainfall and baselevel lowering, and he could link network 171 extension and sediment efflux to each wave of degradation imposed on the system. Parker then used 172 these data to assess current models of network initiation, extension, and abstraction, to document the 173 role of knickpoints in communicating exogenically-forced perturbations through the network, and to 174 address sediment budgets, sediment delivery ratios, and sequestration of sediments along evolving 175 channel networks. The results from this experimental campaign can be found in Parker (1977) , Parker 176 and Schumm (1982) , and most prominently in Schumm et al. (1987) . 177 178 This experimental work is considered transformative for two reasons. First, Parker (1977) and his 179 advisor, Stanley Schumm, noted that due to the short time available to the geomorphologist, theories 180 and models of landscape evolution depended quite heavily on inferences based on limited field data. 181
Moreover, they also noted that simulation models for hillslope and landscape evolution available during 182 this time period made a number of simplifying assumptions, and they could not necessarily be tested 183 against empirical data. As such, Parker and Schumm recognized that experimentation could be used to 184 fill this obvious gap between field observations and numerical and simulation models, and it could 185 provide the necessary empirical data to test hypotheses and to explore parameter space. The work of Gilbert (1914) is transformative for a number of reasons. First, it is one of the first empirical 217 studies of flow and sediment transport using an experimental channel. Second, the data collected are 218 still being used today, primarily to test and verify bedload transport equations (e.g., Wiberg and Smith, 219 1989; Bridge and Bennett, 1992) . Third, Gilbert and his USGS and university colleagues used 220 experimental facilities to address a societal problem. Gilbert's work is considered to be highly influential 221 for these reasons, being cited more than 750 times using Harzing's Publish or Perish citation search tool. 222
223
In September of 1956, several decades after Gilbert's (1914) work, the Water Resources Division of the 224 U.S. Geological Survey initiated a project focused on water and sediment movement in alluvial rivers, in 225 general, and flow resistance and sediment transport rates, in particular (Guy et al., 1966) . Luna Leopold 226 was the Chief Hydrologist at that time, and his own research on river dynamics, water and land 227 conservation, and floods embodied this new initiative. Given the large quantity of data required to 228 address this problem, it was decided by Leopold and his colleagues that recirculating flumes would be 229 employed since these were comparable to flow and sediment processes observed in most streams of 230 interest (Guy et al., 1966) . regions. Aeolian transport is initiated at wind speeds that often are an order of magnitude greater than 264 in water, so that the ensuing particle motion is not only rapid but also short-lived during wind gusts. 265
Aeolian geomorphologists are well acquainted with the disappointment of spending many days to weeks 266 in the field waiting for suitable winds to trigger a transport event, only to have their instruments set up 267 in the 'wrong' location and/or orientation relative to the prevailing conditions. Early seminal work in the 268 1930s through the 1950s, which laid the foundation for studying the physics of particle transport by 269 wind in laboratory and portable wind tunnels, was borne out of both curiosity and crisis, and perhaps 270 also, a good deal of frustration. The convenience of being able to create a unidirectional airflow at the 271 desired wind speed whenever required provided early engineers and soil scientists with an invaluable 272 tool and transformative insights that amounted to the birth of aeolian 'process' geomorphology. Wind Erosion Equation (WEQ) that would parallel the Universal Soil Loss Equation (USLE) used for 327 predicting water erosion. The transformative work carried out under Chepil's direction substantially 328 extended the highly idealized experimental conditions (e.g. dry quartz particles) examined by Bagnold, 329 and firmly established the role of both laboratory and portable field wind tunnels in the development 330 and validation of semi-empirical predictive models describing the erosion of natural soils by wind. On 331 the whole, the large body of journal publications produced by the unit (over 50 by Chepil alone) 332 provided the seminal foundation for understanding the effects of soil texture, structure, and 333 aggregation, surface roughness, and cohesion (e.g., water and organic matter content) in aeolian 334 systems. This work also established a number of measurement techniques that are still used to quantify 335 these governing factors. 336 337
Morphology of alluvial channels 338
For over a century, many concepts and insights about fluvial landforms, processes, and responses have 339 been derived from laboratory experiments and models (e.g., Schumm et al., 1987) Adjustment to a stable state included a tendency to meander in some cases. In part, the study was 376 aimed at comparing predictions from physical theory derived from fundamental equations of river 377 mechanics with empirical formulae developed in the regime approach. 378
379
The results of the experiments of Ackers (1964) showed that empirical relations for dimensions of small 380 channels were consistent with physical theory. They also established the hydraulic basis for the 381 importance of width-depth ratio in channel mechanics and its relation to differences in bed and bank 382 material, consistent with the contemporary field observations of Schumm (1960) . The analysis also 383 established the possibility of a regime sediment concentration. The rational formulations gave 384 reasonable agreement with the experimental results, showed the crucial role of bedform resistance in 385 channel morphology, and established the principle that both a resistance law and a transport law were 386 essential for rational prediction of channel dimensions (consistent also with Henderson, 1961) . The 387 experiments also helped to establish connections between river engineering and geomorphology, which 388 have proved extremely fruitful in fluvial geomorphology. The debate about empirical versus 'rational' 389 formulae for predicting and explaining river channel dimensions has been a central concern in fluvial 390 geomorphology ever since and continues to some extent today (Eaton, 2013 ). Ackers' (1964) work was 391 followed by similar experiments on meander geometry (Ackers and Charlton, 1970) . Experimental work 392 on river channel geometry has become almost commonplace since the 1960s, both in single and multi-393 thread channels both for empirical investigation and explicit theory testing (e.g., Warburton et al., 1996 ; 394 Eaton and Church, 2007) . 395
396
Bar development in alluvial channels 397
Experimental observations of bar development in rivers have provided crucial insights into the 398 formation, morphology, and dynamics of these features, stimulating theoretical developments and 399 insights applicable to field conditions in which observations are much more difficult to make, initial 400 conditions unknown, and fundamental relations may be obscured by local contingencies. Insights into 401 the role of bars in development of river channel patterns, and associated theoretical explanations, come 402 primarily from experimental studies that can be traced back to several laboratories in Japan where river 403 morphology and engineering were prominent issues in landscape processes and society. Rooted in the 404 observations from rivers, these experimental studies were intended to reproduce the morphological 405 characteristics of a variety of rivers and analyze the conditions controlling the occurrence of particular 406 morphologies. Studies of this type began in the 1950s (e.g., Kinoshita, 1957 ) based on principles of 407 morphological similarity in small-scale rivers. Many subsequent analyses of alternate bars and more 408 complex bar patterns in rivers can be traced back to this initial work, and the resulting data from 409 experiments such as Ikeda (1973 Ikeda ( , 1975 The flume results were directly related to observations of channel morphology and pattern in reaches of 426 the Omoi River with differing morphology, and other rivers in Japan, demonstrating the applicability of 427 the experimentally-derived predictions of morphological transitions and differences to real rivers (Ikeda, 428 1975 ). The variables identified by Ikeda (1973) from dimensional analysis and experiments were, in 429 part, also the variables derived from mathematical stability theories for explaining bar modes and 430 channel pattern formation (e.g., Parker, 1976) . The distinction between single row and multiple row 431 bars described by Ikeda (1973) has become a fundamental element of fluvial morphodynamics in 432 relation to channel pattern development (e.g., Ferguson, 1987; Bridge, 1993) . Experimentation 433 continues to be used in refining these relations, testing theory, and validating numerical models of bar 434 morphology and dynamics (e.g., Lanzoni, 2000; Jang and Shimizu, 2005) . University of Minnesota, and the Landscape Evolution Observatory research facility at Biosphere2, 478
University of Arizona, both of which will be featured in the symposium. These relatively large facilities 479 create or even necessitate interdisciplinary research opportunities, they can represent more realistic 480 biotic processes, and they can reduce or even eliminate many issues related to scale. 481
482
There are many geomorphic themes that can be examined through experimentation. Owing to the 483 short duration of the symposium, and to the single-session venue, the co-organizers identified eight (8) 484 topics that could be represented at the symposium, which span a wide range of environments and 485 scales. These topics are as follows: (1) granular flows and hillslopes, (2) fluvial processes, (3) aeolian 486 processes, (4) coastal and marine processes, (5) glacial and periglacial geomorphology, (6) landscape and 487 planetary processes, (7) biophysical and ecogeomorphic processes, and (8) large-scale facility 488 development and data management. This is not an exclusive inventory, but it helped to frame the list of 489 potential contributors. 490 491 Using these themes, the co-organizers assembled a long list of potential speakers, which was then 492 whittled down in size. To accomplish this, the co-organizers were motivated to achieve strong diversity 493 within the program on the basis of gender, geography, career stage, and perspective. Table 1 The primary outlet for disseminating the results of the symposium is publication of peer-reviewed 507 papers prepared by the invitees in a special issue of the journal Geomorphology. Authors were given 508 freedom to explore these topics, and to include any co-authors, as they saw fit. The papers contained 509 within this special issue are those submitted in support of the 46 th BGS. 510
511
Conclusions 512
Geomorphology is a discipline that historically has been dominated by field-based research endeavors. 513
Yet both numerical modeling and laboratory experimentation offer unrivalled methodological 514 opportunities for the geoscience community. The Binghamton Geomorphology Symposium (BGS) is a 515 highly visible annual meeting that has addressed a wide range of scientifically important and socially 516 relevant topics in geomorphology. The 46 th annual BGS will focus on the topic of laboratory 517 experiments. 518
519
The two primary motivations of the experimentalist are to address the scale of geomorphic systems and 520 to predict such phenomena in analytic terms. First, geomorphic processes often operate at relatively 521 large time and space scales, which pose significant challenges to the field scientist. Laboratory 522 experiments can effectively compress time and shrink scale, and there exists ample evidence to suggest 523 that experimental results can be applied to field prototypes. Second, geomorphologists now seek to 524 explain Earth surface processes and landform development in analytic terms. Laboratory 525 experimentation can greatly facilitate the development and testing of generalized theory, which then 526 can be applied to field observations. 527
528
It is contended here that laboratory experimentation of geomorphic systems has resulted in 529 transformative research. Several examples, primarily from fluvial and aeolian research, are presented in 530 support of this claim, and included the following: (1) rill networks and landscape evolution in soils, (2) 531 flow and sediment transport in sand-bedded recirculating flumes, (3) wind erosion research, and (4) bar 532 development and river channel pattern. These transformative research endeavors often were driven by 533 visionary leaders in federal agencies or institutions where specialized experimental facilities were 534 created or repurposed. Moreover, the research featured in these examples effectively straddled the 535 disciplines of engineering and geoscience. 536 537 Laboratory experimentation of geomorphic systems is the focus the 46 th Binghamton Geomorphology 538
Symposium. Eight themes within geomorphology were selected as foci for the meeting. The symposium 539 shall feature a strong and diverse assemblage of scientists with a wide range of perspectives, and it will 540 report on several high-profile facilities and projects. This special issue of the journal Geomorphology 541 presents as a group those papers submitted in support of this symposium. 542
